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Multi- Resonance  Shear  Mode  Transducers 

Prepared  by:  Douglas  Markley 


LONG-TERM  GOALS 

The  long-term  goals  of  this  effort  were  to  develop  a  family  of  transducer  designs  that  utilize  the 
d36  shear  piezoelectric  coefficient,  which  has  advantages  for  compact  low  frequency  sonar 
transducers.  The  d36  cut  is  unique  in  that  large  electric  fields  can  be  applied  without 
depolarization.  The  d3&  mode  of  operation  allows  for  packaging  of  a  transducer  motor  section 
that  is  unlike  any  other  and  therefore  a  new  design  space  is  offered  to  the  designer.  This  effort 
looks  specifically  at  designing  a  d36  transducer  that  has  multiple  resonances  in  order  to  expand 
the  useful  transmit  frequency  bandwidth. 


OBJECTIVES 

The  primary  technical  objective  was  to  exploit  crystallographic  engineering  of  single  crystal 
relax or-based  ferroelectrics  to  design  broadband,  compact,  high  power,  low  frequency 
transducers.  Face  shear-mode  transducers  based  on  the  d36  coefficient  have  demonstrated  the 
ability  to  design  a  robust  projector  that  meets  these  qualifications.  Further  expanding  the 
operating  bandwidth  and/or  acoustic  power  output  may  be  achieved  by  designing  multi-mode 
transducers  using  multiple  d36  crystal  geometries  or  combinations  of  ds6  and  other  crystal  cuts. 

APPROACH 

Traditional  approaches  to  compact  sonar  projector  design  usually  involve  mechanical 
amplification  schemes  or  bending  modes  of  the  active  material.  Structures  using  mechanical 
amplification  tend  to  be  very  narrow  band  and  have  low  electromechanical  coupling  coefficients. 
Bending  modes  arc  also  traditionally  narrow  band  and  generally  have  long-term  reliability 
issues.  While  implementing  single  crystal  materials  into  these  structures  improves  performance, 
the  full  electromechanical  coupling  of  the  material  is  still  degraded. 

Crystallographic  engineering  in  the  single  crystal  lead  magnesium  niobate-lead  titanate  (PMNT) 
system  has  uncovered  a  very  unique  piezoelectric  shear  mode.  Contrary  to  other  more  common 
shear  coefficients,  this  one  operates  with  working  electrodes  that  arc  the  same  as  the  poling 
electrodes.  Therefore,  very  large  driving  fields  can  be  applied  to  the  device  without 
depolarization.  This  mode  of  operation  is  not  available  in  conventional  piezoceramics.  This  cut 
was  recently  integrated  into  a  sonar  transducer  design  that  combines  low  frequency  operation 
with  small  packaging  and  high  acoustic  output. 

There  is  a  significant  design  space  left  to  explore  with  this  new  mode  of  operation.  This  study 
focused  on  the  ability  to  design  multiple  resonances  into  the  structure  to  tailor  the  perfo nuance 
of  the  device.  Multiple  resonances  can  be  combined  to  improve  output  or  lower  the  frequency  of 


operation  or  can  be  separated  to  extend  the  operating  bandwidth  of  the  device.  Modeling,  both 
one  dimensional  and  finite  element  analysis,  was  used  to  explore  the  design  space.  Prototype 
designs  were  fabricated  and  tested  for  proof  of  concept. 

The  design  shown  in  Figure  1  has  d36  mode  crystals  separated  into  two  motor  sections.  The 
components  of  this  design  concept  include  a  light/ stiff  head  mass  (dark  gray),  a  heavy  tail  mass 
(light  gray),  d36  crystals  (black),  and  a  central  mass  (cross-hatched).  The  resonance  frequency  of 
each  motor  section  can  be  controlled  through  the  dimensions  (width,  height  or  length)  of  the 
crystal  plates.  In  this  case,  the  two  motor  sections  can  be  combined  to  lower  the  resonance 
frequency  (mechanical  springs  in  series)  or  they  can  be  designed  at  different  frequencies  to 
create  a  multi-resonant  spectrum  and  thereby  increasing  the  bandwidth  of  the  projector. 


Figure  I  Multi -mode  transducer;  both  sections  use  longitudinal  shear  crystals.  (Left)  full 
transducer  with  dark  gray  head,  light  gray  tail,  crystals  in  solid  black,  and  center  support  in  back 
cross-hatch.  (Right)  is  a  cut-view  showing  nested  head  and  tail. 


WORK  COMPLETED 


An  equivalent  circuit  model  of  d3&  shear  mode  transducers  was  developed  to  more  rapidly 
explore  transducer  design  space.  The  model  considers  a  mass-spring-mass-spring-mass  system. 
The  model  was  exercised  and  compared  to  results  obtained  using  finite  element  analysis. 

Based  on  equivalent  circuit  analysis,  final  geometries  were  then  modeled  using  ATILA++  finite 
element  code.  Refinements  were  made  to  the  central  mass  geometry  and  materials  to  produce  a 
desirable  frequency  response  curve. 

As  an  example  of  this  process,  a  dual-shear  mode  transducer  was  constructed  that  measured  1 .5 
inches  in  diameter  and  was  2.75  inches  in  length.  In  air  impedance  sweeps  were  measured 


during  each  stage  of  fabrication  and  compared  to  model  results  to  ensure  fabrication  proceeded 
as  expected.  A  cut-away  model  and  photograph  of  the  finished  unit  is  shown  in  Figure  2 

Part  drawings  were  produced  and  parts  were  procured.  d36  crystals  were  obtained  from  HC 
Materials.  Crystals  were  inspected,  measured,  and  sorted  for  use  in  the  transducer  design  and 
evaluated  for  proper  motion  using  a  scanning  laser  vibrometer. 

In-air  testing  was  done  on  the  finished  unit.  These  data  were  compared  to  model  predictions. 


Figure  2  Model  (1/4  symmetry)  and  photograph  of  the  assembled  dual  stage  d3&  tonpilz  transducer. 


In-water  testing  of  the  unit  was  conducted  by  placing  the  unit  in  a  single  element  housing.  The 
unit  was  tested  in  water  by  driving  the  bottom  and  top  d36  stages  in  phase  and  then  the  lower 
d36  stages  was  driven  1 80°  out  of  phase. 

Many  other  design  configurations  were  explored  in  modeling  studies  to  take  advantage  of  the 
unique  properties  of  dj6  orientated  single  crystals.  One  such  design  uses  an  alternate  positioning 
of  the  crystals  and  allows  for  utilizing  the  d36  mode  in  an  axial  direction  (free- shear)  to  build 
devices  similar  to  classical  tonpilz  designs.  This  new  approach  permits  simpler  fabrication  and 
allows  for  the  use  of  pre- stress  bolts.  Single  and  Dual -Mode  prototypes  of  this  concept  were 
constructed  and  evaluated. 

RESULTS 

Figure  3  shows  an  example  of  the  modeled  response  curve  for  the  multi-mode  dss  prototype  in 
Figure  2.  Two  d3<,  shear  crystal  drivers  are  configured  in  series  with  a  center-mass  between.  The 


Prtttur*  (dB) 


output  is  shown  when  the  top  and  bottom  sections  are  driven  in  phase.  The  modeled  deflection 
shapes  are  also  shown.  The  null  in  mid-band  results  when  the  central  mass  moves  out-of-phase 
with  the  head  and  tail.  The  motion  can  be  adjusted  through  design  and  material  choices  for  the 
central  mass  and  crystals.  The  null  can  also  be  countered  by  phasing  the  drive  signals  between 
the  top  and  bottom  crystal  stages,  preventing  the  phase  synchronization.  This  is  shown  in  Figure 
4,  where  the  drive  voltage  phase  of  the  bottom  stage  was  adjusted  relative  to  the  top  stage  in  the 
models. 
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Figure  3  Modeled  transmit  voltage  response  showing  the  fundamental  resonance  of  the  device  and 

overtones. 
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Figure  4  TVR  showing  the  effect  of  adjusting  the  drive-phase  of  the  bottom  stage  relative  to  the  top. 


Figure  5  shows  the  transducer  during  fabrication.  The  top  and  bottom  stages  were  assembled 
separately  and  then  combined  during  the  final  fabrication  step.  The  top  and  bottom  stages  were 
built  using  the  same  single  crystal  geometry.  The  crystals  in  the  top  and  bottom  stages  were 
sorted  to  have  the  most  uniform  properties  within  the  stages.  At  each  stage  of  fabrication,  the 
impedance  was  checked  and  compared  against  prediction.  Figure  6  shows  the  impedance  of  the 
finished  unit  in  air  measured  in  free  conditions  and  in  the  housing  used  for  in  water  testing. 
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Figure  5  Photos  of  the  bottom  and  top  stages  during  the  fabrication  process. 
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Figure  6  Measured  vs.  modeled  in-air  impedance  of  dual-shear  prototype. 


In  water  testing  results  are  shown  in  Figure  7  and  Figure  8.  A  reasonable  match  was  achieved,  in 
spite  of  some  low  frequency  noise  that  was  believed  to  be  attributable  to  spurious  modes  in  the 
housing  structure. 
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Figure  7  Measured  and  modeled  TVR  of  dual -shear  prototype. 
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Figure  8  Measured  and  modeled  in-water  impedance  and  phase  of  the  dual -shear  prototype. 


The  design  above  has  the  two  crystal  drivers  in  a  series  configuration.  Some  other  conceptual 
design  variations  that  were  modeled  are  shown  below.  These  designs  provide  options  that  might 
be  adjusted  to  meet  the  needs  of  a  variety  of  applications  in  terms  of  acoustic  performance,  and 
physical/dimensional  design  constraints. 


In  another  true  series  configuration  (Figure  9  )  a  stack  of  dj3  crystals  is  located  between  the  shear 
crystals  and  the  tailmass.  This  is  a  quarter  symmetry  model,  so  it  would  actually  require  four 
stacks,  etc.  In  this  case  the  center-mass  flexes  in  a  rocking  motion  that  is  not  overcome  by 
phasing  the  drivers. 


Figure  9  Dual  mode  transducer  with  d33  stacks  below  the  shear  section.  (1/4  symmetry  shown.) 


Figure  10  shows  two  layers  of  shear  crystals  in  series,  with  cantilever  motion,  to  drive  a  square 
head.  Like  the  prototype  above,  this  results  in  an  extra  low  fundamental  resonance  frequency, 
doubling  the  effective  length  of  the  crystal  section.  In  the  base  configuration  the  preferred 
motion  of  the  crystals  is  in  opposition,  spreading  the  head  and  tail  masses  apart.  The  out-of- 
phase  coupler  mode  (~3 5 00  Hz)  fights  against  the  preferred  motion  and  is  therefore  weak  in  this 
case  due  to  the  stiffness  of  the  crystals.  Note  the  change  in  behavior  when  the  drive  polarity  is 
altered.  By  reversing  the  polarity  of  one  set  of  crystals  the  two  layers  of  crystal  prefer  to  move  in 
parallel,  and  a  synergistic  mode  is  formed  that  releases  a  fuller  motion  of  the  coupler.  The 
counter  balancing  of  the  main  body  against  the  motion  of  the  coupler  causes  vibration  in  the  head 
for  a  second  mode.  If  the  drive  phase  is  switched  at  the  appropriate  frequency  during  a  sweep, 
the  resulting  TVR  will  show  two  peaks. 

Figure  1 1  shows  a  similar  concept,  only  this  time  the  center  mass  is  “Folded”  back  under  one  of 
the  stacks  for  smaller  cross-sectional  dimensions.  It  too  shows  very  low  resonance  frequency  and 
strong  effects  from  polarity  reversals,  showing  two  peaks  with  polarity  reversal. 

Figure  12  illustrates  a  means  of  achieving  broad-band  response  by  driving  the  devices  with 
different  polarities  through  different  frequency  ranges. 
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Figure  10  Two  series  layers  of  shear  crystals,  (1/2  symmetry  shown.) 
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Figure  1 1  Dual  layer  shear  design  with  one  layer  folded  under  the  other,  (1/4  symmetry  shown,) 
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Figure  1 2  Increased  bandwidth  resulting  from  drive  polarity  adjustment. 


Adjusting  the  dimensions  of  the  crystal  sections  allows  for  tailoring  of  the  results.  In  Figure  13  a 
version  of  the  “Square  Dual”  design  is  shown  where  the  top  row  of  crystals  is  1”  X  0.3”  X  0.1”, 
and  the  bottom  row  crystals  are  1”  X  0.5”  X  0.1”.  Flere  the  upper  layer  is  now  somewhat  softer 
and  the  resulting  increased  coupler  motion  can  drive  the  head  for  a  second  mode.  The  1 80° 
voltage  phasing  drives  the  coupler  mode  even  more  strongly  and  has  some  benefit  at  frequencies 
above  the  two  main  resonances. 
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Figure  13  Square  Dual-Shear  with  reduced  width  in  the  upper  set  of  crystals  (1/2  symmetry). 


Another  dual-layer  cantilever  configuration,  this  time  with  the  bridging  mass  in  the  interior,  is 
shown  in  Figure  14  together  with  the  TVR  results  with  all  in  phase  or  with  one  layer  180°  out  of 
phase  with  the  other.  In  this  case  the  bridging/coupler  mass  is  an  alumina  sleeve  through  which 
a  bolt  may  pass  if  desired.  As  before,  reversing  the  polarity  of  one  section  enhances  the  coupler 
motion  to  create  a  second  mode.  Again,  reducing  the  width  of  the  upper  set  of  crystals  releases 
the  coupler  mode  sufficiently  to  allow  it  to  drive  the  second  mode  (Figure  1 5) 
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Figure  14  Two  layer  shear  transducer  with  interior  bridge/coupler  mass  ( 1/2  symmetry). 
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Figure  15  Interior  coupled  device  with  reduced  width  upper  crystal  layer  (1/2  symmetry). 


The  options  discussed  above  all  utilize  a  series  arrangement  of  the  two  crystal  drivers.  Figure 
17and  Figure  16  Error!  Reference  source  not  found,  show  parallel  and  series  dual  mode 
designs  with  small  cross-sectional  profile.  These  designs  also  demonstrate  the  frequency 
distribution  achievable  with  varying  polarity  drive.  These  designs  utilize  a  large  volume  of 
crystal,  which  provides  high  output  power,  but  they  are  heavily  mass  loaded  for  low- 
frequency/high  Qm  peaks. 
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Figure  1 6  Series  arrangement  of  d33  and  d36  sections  in  small  cross-section  (1/4  symmetry). 
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Figure  17  parallel  arrangements  of  d33  and  d36  sections  in  small  cross-section  (1/4  symmetry). 


Another  parallel  arrangement  is  shown  in  Figure  1 8  with  two  independent  tail  masses  each 
connected  to  two  cantilevered  crystals.  To  achieve  the  result  shown,  the  upper  tailmass  is  one- 
half  the  mass  of  the  lower. 


An  alternative  with  wide,  short  profile  can  he  made  using  two  layers  of  cantilevered  shear 
crystals  nested  in  series  radially,  as  shown  in  Figure  19.  The  combination  of  the  crystals  with  the 
central  mass  makes  one  effective-length  armature  for  extra  low  frequency.  The  second  mode  is  a 
mechanical  head  flap.  Therefore,  in  this  case,  180°  phasing  gains  nothing  but  actually  disrupts 
the  main  mode.  The  third  mode  is  actually  the  “coupler”  mode.  Adding  more  crystals  increases 
the  output  power  and  the  resonance  frequency  (Figure  20). 
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Figure  19  Radially  nested  shear  layers  (1/4  symmetry). 


Figure  21  illustrates  a  possible  configuration  to  use  the  cantilever  motion  of  the  crystals  in  a 
“scissoring”  motion.  The  response  is  very  broad  band,  but  as  the  impedance  and  phase  curves  in 
Figure  22  illustrate,  the  effect  is  largely  reactive,  and  results  partly  from  mechanical  modes  of 
the  headinass. 


Figure  21  Scissor  profile  shear  transducer  ( 1  /2  symmetry). 
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Figure  22  In- Water  impedance  and  phase  of  the  "Scissor"  transducer. 

In  the  course  of  these  investigations,  an  alternative  mechanism  was  uncovered  for  using  the  d36 
motion  to  advantage.  Figure  23  shows  the  loaded  “Simple-Shear”  motion  of  a  cantilever 
configuration  contrasted  with  the  unconstrained  “Free-Shear”  motion  that  results  from  an 
unloaded  state.  In  Figure  24  and  Figure  25  the  crystallographic  orientation  and  resulting 
displacement  motions  are  shown  for  what  will  be  referred  to  as  a  Free-Shear  design.  In  this 
orientation,  the  elongation  motion  direction  [Oil]  can  be  aligned  with  the  desired  device 
displacement  direction,  therefore,  a  stress  bolt  can  be  used  in  the  device. 


Figure  23  Simple-Shear  and  Free-Shear  Displacements 
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Figure  24  "Free-Shear”  crystallographic  orientation  and  displacement  model  for  dj6 

crystal. 


Figure  25  Free-Shear  transducer  concept. 


Figure  26  Four-crystal  "Free- Shear"  tonpilz  model  (full  symmetry). 

Figure  26  shows  a  model  of  a  prototype  “Tonpilz”  type  device  using  four  Free-Shear  crystals  and 
a  stress  bolt. 

Part  drawings  were  produced  and  parts  were  procured.  d_i6  crystals  were  obtained  from  HC 
Materials.  Crystals  were  inspected,  measured,  and  sorted  for  use  in  the  transducer  and  evaluated 
for  proper  motion  using  a  scanning  laser  vibrometer. 

A  photograph  of  the  assembled  prototype  appears  in  Figure  27.  The  in-air  impedance  of  the 
assembled  device  is  shown  in  Figure  28.  The  modeled  impedance  is  a  very  good  match  to  the 
measured,  but  with  a  few  high  Qm  spurious  modes.  The  TVR  of  this  “proof-of-concepf  ’  design 
is  shown  in  Figure  29.  The  result  is  similar  to  the  model,  but  contains  some  spurious  modes, 
some  of  which  were  later  attributed  to  modes  in  the  single  element  housing  that  was  used. 


Figure  27  Photograph  of  Free-Shear  prototype  assembly. 


Figure  28  Measured  and  modeled  in-air  impedance  of  the  Free- Shear  tonpilz  prototype. 
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Figure  29  Measured  and  modeled  transmit  voltage  response  of 
the  Free-Shear  tonpilz  prototype. 


This  configuration  was  then  used  to  develop  a  multi -resonant  prototype  device,  with  two  layers 
of  Free-Shear  crystals  in  series,  as  shown  in  Figure  30 


Part  drawings  were  produced  and  parts  were  procured.  d36  crystals  were  obtained  from  HC 
Materials.  Crystals  were  inspected,  measured,  and  sorted  for  use  in  the  transducer  design  and 
evaluated  for  proper  motion  using  a  scanning  laser  vibrometer. 

The  in-air  impedance  of  the  assembled  device  is  shown  in  Figure  3 1 .  The  modeled  impedance 
a  very  good  match  to  the  measured.  The  TVR  of  this  “proof-of-concept”  design  is  shown  in 
Figure  32.  The  result  is  similar  to  the  model. 


Figure  30  Photograph  of  the  dual  layer  Free 
Shear  tonpiiz. 


Figure  3 1  Modeled  in-air  impedance  of  the  dual-layer  Free-Shcar  tonpiiz. 


Figure  32  Measured  and  modeled  transmit  voltage  response 
of  the  dual-layer  Free-Shear  tonpilz. 


This  orientation  is  sensitive  to  the  alinement  of  the  crystallographic  directions  with  geometries. 
For  example,  for  the  crystal  pieces  used  in  the  device  above  a  modeling  study  shows  the  effects 
of  misalignment  of  the  crystallographic  direction.  Careful  orientation  and  cutting  by  the  vendor 
is  required. 


Transmit  Voltage  Response 

(dB  re  1  uPa/V@  1  m) 


Variations  of  designs  using  the  Free-Shear  orientation  have  been  explored  in  modeling  studies, 
including  scaling  effects  (Figure  33  and  Figure  34)  and  multi-resonant  designs  (Figure  35 
through  Figure  37). 


Figure  33  Scaling  effects  of  another  Free-Shear  tonpilz  design. 


Figure  34  Transmit  voltage  response  of  the  scaled  Free-Shear  tonpilz  transducers. 
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Figure  35  Modeled  TVR  of  a  series  arrangement  of  Free-Shear  and  Simple-Shear  section  with  small 

cross-section  (1/4  symmetry). 
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Figure  36  Free-  and  Simple-Shear  components  in  a  multi-resonant  design  (1/2  symmetry). 
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Figure  37  Multi-resonant  stack  of  Free-Shear  crystals  (1/2  symmetry). 


IMPACT/APPLICATIONS 

Successful  designs  of  very  broad  bandwidth  transducers  that  are  compact  have  many  applications 
to  Navy  sonar. 

SUMMARY 

Multi-resonance  shear  designs  have  been  explored  using  finite  element  modeling.  The  design 
space  revealed  several  configurations  of  academic  interest,  including  a  new  “tree  shear” 
configuration  that  has  significant  potential.  Experimental  prototyping  of  these  designs  confirm 
model  predictions.  Additional  work  is  needed  to  fully  vet  the  potential  of  these  new  designs. 


